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Executive Summary

Crevice corrosion initiation and propagation of nickel base alloys Inconel 625,
Hastelloy C276 and Hastelloy 22 in sea water and chlorinated sea water has been
studied by exposure tests, electrochemical studies, surface analysis and
mathematical modelling. The initiation of attack has been shown to be a function of
crevice geometry and surface composition and has been successfully predicted by
the modelling route. A mechanism of propagation has been suggested which
successfully predicts large differences in the corrosion rate of Inconel 625 for
relatively small changes in crevice geometry and temperature. This work is being
further developed under the project expansion.
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S 1. Introduction

Th ý a year project was scheduled to run from 1st April 1990 to 31st March
19 month, no funds extension was granted giving a completion date of 30th
Seý.oiiber 1993. In 1992 a project expansion was awarded to run from 1st June
1992 to 31st December 1994 (ONR Contract N00014-92-C-0078). A 3 month, no
funds extension, extending this completion date to 31st March 1994 has been
requested. 0

The goal of the initial project was to establish the mechanism of crevice corrosion
propagation of corrosion resistant nickel base alloys in natural and chlorinated sea
water. Once established the mechanism was to be used to develop a mathematical
model of the process to allow predictions to be made indicating under what
conditions corrosion will occur and at what rate. This document is the final report of
the initial project. The full and detailed mathematical modelling has not been fully
completed within this project because of the cortinuing nature of the project
expansion. A model, meetin" tte goals of both the initial project and the expansion
will be part of the final rep( 3 project expansion.

2. Background

The detailed background to this project is given in the proposal of March 1990
submitted to ONR (Dr A John Sedriks) by Cortest Laboratories Inc (now CLI
International Inc) of Houston, Texas. A copy of the 'as submitted document', 0
together with its covering letter, is presented in Appandix 1.

3. Results

Results obtained have been reported in Status Reports issued ;r July each year
throughout the project. Copies of these are given in Appendices 2-i for 1990, 1991,
1992 and 1993 respectively.

The majority of the data reported in the status reports, together with the results of
additional studies carried out between July and September 1993 are described in a
paper 'Performance of Nickel Base Alloys in Critical Sea Water Applications' by J.
W. Oldfield which was presented and published at the NACE Corrosion Asia 94
Conference held in Singapore, September 1994. A copy of this paper is given in
Appendix 6.

4. Discussion

The discussion detailed in the paper in Appendix 6 represents the status of this
study at the completion of this project. As already noted, further studies have and
are being carried out under the project expansion which will result in the goals of 0
both projects being met.

0



5. Summary and Conclusions

Crevice corrosion initiation and propagation of nickel base alloys Inconel 625,
Hastelloy C276 and Hastelloy 22 in sea water and chlorinated sea water has been
studied by exposure tests, electrochemical studies, surface analysis and
mathematical modelling. The initiation of attack has been shown to be a function of
crevice geometry and surface composition and has been successfully predicted by
the modelling route. A mechanism of propagation has been suggested which
successfully rtedicts large differences in the corrosion rate of Inconel 625 for
relatively sniall changes in crevice geometry and temperature. This work is being
further developed under the project expansion.
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March 9, 1990 L900809K

Dr. A. J. Sedriks "
Office of Naval Research - /

800 Quincy Street
Code 1131
Arlington, Virginia 22217

DEVELOPMENT OF A MATHEMATICAL MODEL CF
CREVICE CORROSION PROPAGATION OF NICKEL 0

BASE ALLOYS IN NATURAL AND CHLORINATED SEA WATER

Dear Dr. Sedriks:

Enclosed please find three copies (one with original
signature) of Cortest's proposal to the Office of Naval 0 0
Research for the "Development of a Mathematical Model of
Crevice Corrosion Propagation of Nickel Base Alloys in
Natural and Chlorinated Sea Water".

The proposal has been written by Dr. John W. Oldfield of
Cortest Laboratories, Ltd., in the UK and if we are awarded 0
the contract to carry out the work, it will be subcontracted
by Cortest Laboratories, Inc., to Dr. Oldfield and will
commence 'April 1, 1990. I will act as the contract
negotiator and Dr. Oldfield will be the Principal
Investigator.

If you have any questions regarding the proposal, please do
not hesitate to contact me.

Best r gards,

(Dr\ Russel D. Kane
Pr e •ident
Cortest Laboratories, Inc.
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Enclosures
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INTRODUCTION

This proposal relates to a fundamental program of work to

establish the mechanism of crevice corrosion propagation of

corrosion resistant nickel base alloys in natural and A

chlorinated sea water. Once established, the mechanism will

be used to develop a mathematical model if the process to

allow predictions to be made indicating under what

conditions corrosion will occur and at what rate.

The proposal is in two phases. Phase I, lasting 18 months,

will establish the feasibility of developing such a model.

This will include mechanistic investigations, the initiation

of long term (1 to 2 years) exposure tests and development

of an outline of the model. In Phase II, lasting 18 months,

the model will be constructed, exposure tests to verify the

model will be continued and detailed experimental data

required by the model will be determined.

BACKGROUND

Mechanism of Crevice Corrosion in Natural Sea Water

The successful use of stainless steels and nickel base

alloys in sea water depends to a large extent on their

resistance to crevice corrosion. This form of attack

typically occurs in shielded areas in bulk environments

containing chloride ions.

The mechanism of crevice corrosion in natural sea water can

be outlined as follows [1]:

1. Initiation

- Deoxygenation of solution within a crevice
- Development of an aggressive solution within

the crevice, namely low pH and high Cl-

--1--



Eventual breakdown of the passive film within

the crevice.

2. Propagation
- "Active" corrosion within the crevice

During the initiation stage the passive current within the

crevice is the anodic reaction while oxygen reduction, again 0

within the crevice is the cathodic reaction. With time,

oxygen within the crevice is depleted since it is reduced

more quickly than it can be replaced by diffusion from the

bulk solution. Once this occurs, the cathodic reaction moves 0

outside the crevice and the anode and cathode of the cell
are separated.

There are now mass transport considerations associated with 0

the current between the anode and cathode. (2] in general

terms, migrations lead to anions moving towards the anode

and cations moving away from it, thus within the crevice

there is a build up of anions from the bulk solution while 0 0
some of the metal cations going into the solution via the
passive current are driven out of the crevice. In addition,

the overall increase in concentration of species within the

crevice results in diffusion out of the crevice. For 0

stainless steels and nickel base alloys the chromium ions

which pass into the crevice solution via the passive

current, hydrolyse and bring about a fall in the pH.

These processes, whereby an aggressive solution develops
within the crevice, continue until either a steady state is

reached where overall mass transport in and out of the
crevice are equal, or the passive film on the alloy breaks 0

down and propagation commences. Whether or not c-orrosion

occurs can thus be seen to depend on the crevice geometry
which controls the i ass transport, the level of chromium in

the alloy and the alloy's passive current which control the 0

-2-



pH fall within the crevice, the chloride level of the bulk

solution and the solution which will cause breakdown of the

alloys passive film (this is usually termed the critical

crevice solution (CCS) and is a high chloride, low pH

solution which gives an active anodic peak on a polarization

curve of typically 10uA/cm2). (3]

Should propagation occur then the rate of attack can be 0

limited by one of three factors, the anodic dissolution

rate, the cathodic reaction rate or the IR potential drop

between the anode and cathode.

Mathematical Modelling of Crevice Corrosion in

Natural Sea Water

Mathematical modelling of the initiation stage of crevice •

corrosion of stainless steel and nickel base alloys in sea

water and other chlorinated environments has been carried

out previously. [2] This modelling is successful in that,

with appropriate input parameters, e.g., CCS and passive

current values, it predicts quite accurately whether or not

corrosion will occur in a given situation.

A limited amount of work, mainly qualitative, has been

carried out on the propagation of crevice corrosion. (4,5]

To a large extent this has concentrated on explaining the

difference between propagation rates in synthetic and

natural sea water. Corrosion rates in natural sea water are

typically an order of magnitude greater than synthetic sea

water and this is attributed to the catalysis of the

cathodic reaction, namely oxygen reduction in natural sea

water.

Crevice Corrosion of Nickel Base Alloys in Sea Water

High molybdenum containing nickel base alloys are generally

-3-
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considered to have excellent resistance to crevice corrosion

in sea water. This family of alloys is typified by Alloy

625, Alloy C276 and Alloy C22 with nominal compositions as

given in Table 1. 0

In recent years, however, test results on some of these

alloys have shown their resistance to fall somewhat short of

what normally could be expected. In sea water [6,71 and 0

other environments [8] initiation of attack has occurred

quite readily. The cause of this phenomena has been

attributed by some authors [8] to chromium depletion on the

surface of the alloys whose metallurgy is extremely complex. 0

In sea water tests, particularly chlorinated sea water, the

initiation of corrosion followed by extremely rapid

propagation of attack was observed. [6] For example, in 0

nat"ra' sea water Alloy 625 had a maximum depth of attack of

l.jumm in 360 days. In sea water chlorinated to ca ippm the

maximum depth of attack was 0.51mm in 190 days and in highly

chlorinated sea water, ca 90ppm, it was 2.31 in 60 days. 0 0

The relative ease of initiation of attack, even in

unchlorinated sea water, can to some extent be explained by

the conventional crevice corrosion mechanism taking account 0

of crevice geometry and metallurgical considerations. The

mechanism -of the rapid rate of propagation in both

chlorinated and unchlorinated sea water is not understood.

This proposal sets out a program of work to confirm the

mechanism of initiation of attack and to establish the

mechanism of propagation. A mathematical model of the

propagation of crevice corrosion will be developed to allow •

predictions to be made indicating under what conditions

corrosion will occur and at what rate.

-.4-
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PROGRAM OF WORK - PHASE I

Mechanism of Initiation of Crevice Corrosion

Natural Sea Water

Electrochemical studies will be carried out to obtain values
of the passive current and critical crevice solution (CCS) 0
values for the three alloys listed in Table 1. Values will

be used as input to Cortest's mathematical model of crevice
corrosion initiation. [2] Results will be compared with
exposure test data reported in the literature [6) and with 0

data obtained from this project. Based on the comparison,
the mechanism of initiation, including its dependence on
surface finisn, will be deduced.

Chlorinated Sea Water

Chlorination of sea water is a complex chemical process. The
normal levels of chlorination used, namely less than 10ppm, 0 S
result in the oxidation by chlorine of bromide in the sea
water to bromine and hypobromous acid. [9] If ammonia is
present, then bromamines and chloramines are formed and the
processes become even more complicated. [10]. 0

From the point of view of crevice corrosion initiation, the
presence of a strong oxidizing agent is to increase the
potential of the metal in the noble direction. The influence 0

of this on the passive current and CCS values obtained in
natural sea water will be determined from electrochemical
studies. To complement these studies data will be generated

to give the corrosion potential, prior to propagation of 0
attack on the three alloys being studied, as a function of
the level of chlorination.

-5-
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Another aspect of chlorination that may influence matters is

the possible diffusion of oxidizing bromine compounds into 6
the crevice which are then reduced to hydrobromic acid. The

influence of this on the passive current and CCS values will 0

be estimated.

Values of the passive current and CCS related to
chlorination level via the appropriate corrosion potentials S

will be used as input to Cortest's mathematical model of
crevice corrosion initiation. [2] As with natural sea water,

results will be compared with exposure test data reported in
the literature [6] and with data obtained from this project.
Based on comparisons the mechanism of initiation will be
deduced.

Crevice Corrosion Exposure Test Program 0

Natural Sea Water

Filtered sea water tests will be carried out at the 0 0
Admiralty Research Establishment (ARE) at Holton Heath,

Poole (UK). One matrix set as per Table 2 will be tested for
two years in a tank which is continually refreshed with

filtered sea water at ambient temperature. Aaditional 0

samples of Alloy 625 will be included for removal after one

year.

Chlorinated Sea Water 0

These tests will also ne carried out at ARE. One matrix set
as per Table 2 will be tested for two years in sea water
with a ippm residual chlorine level. Again, tests will be 0
carried out in a tank which is continually refreshed with
chlorinated filtered sea water at ambient temperature.

Additional samples of Alloy 625 will be included for removal

after one year. 0
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0
Outline of Mathematical Model of Propaqation

The propagation of crevice corrosion is an active

electrochemical cell with the usual three components, an 0

anodic reaction, a cathodic reaction and an IR potential

drop between these. The mechanism of attack in a specific

situation can be controlled by one of these components or by

a combination of any two or all three. Small differences in 0

circumstances can cause a switch of control from one

mechanism to another. For example, at the start of

propagation control may be the IR drop down the crevice

whereas after a while the crevice gap may widen resulting in 0

control by the cathodic reaction (if the external area is
large for example) or by the anodic reaction (if the

external area is small for example).

0

In natural sea water when propagation occurs the cathodic
reaction is essentially oxygen reduction. The solution in
the crevice has a low pH but it is unlikely that hydrogen
evolution occurs to any great extent both because of the 0 0
potential of these nickel base alloys and because if it does

occur, it tends to be self limiting since it increases the

pH by removing the H+ ions.

0

The influence of chlorination on the mechanism of

propagation is unknown. In principal, it can affect all
three components of the electrochemical cell. Since it can
change the potential of the specimen, it can influence the 0
anodic dissolution rate. Since it is an oxidizing agent it

clearly will influence the total cathodic reaction rate.

Finally, it may effect the IR drop limitation on corrosion

rate by virtue of supplying oxidizing agents to the crevice 0

solution. This could occur since some of the bromine species
may diffuse into the crevice. If this takes place, then part
of the cathodic reaction occurs within the crevice and the

product of that reaction is hydrobromic acid. 0

--7--
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Based on this view of the mechanism of propagation, the data

and mechanism information relating to crevice corrosion

initiation and the exposure test data available an outline

of the model of crevice corrosion propagation of nickel base

alloys in natural chlorinated sea water will be defined.

This will consist of a flow chart of the model identifying

modelling work to be carried out, additional data to be

obtained as input to the model and additional exposure test

data required for satisfactory verification of the model.

PROGRAM OF WORK - PHASE II 0

Mathematical Modelling

The model outlined as a result of Phase I will be developed. 0

It will take as a starting point the breakdown conditions

predicted by Cortest's model of crevice corrosion

initiation, taking account of any modification required as a

result of data generated in Phase I. * *

The model will be in three parts corresponding to the three
possible controlling mechanisms, anodic, cathodic or IR. The

interaction of these mechanisms will also be taken into 0

account. This aspect of the model will be the most complex.

The influence of the level of chlorination will be built

into the model.

Mechanistic and Other Data Required

for the Mathematical Model

Crevice Corrosion Propagation in Natural Sea Water

Electrochemical studies will be carried out on the active

dissolution of the three alloys in Table 1 to establish

their maximum dissolution rates as a function of potential

and crevice solution composition.
--8--
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Data on the cathodic reduction of oxygen on nickel-base

alloys in sea water will be sought from the literature. Some
* data will be generated as part of this project to complement

what is found in the literature. From the estimates of the

maximum cathodic current densities that can exist under
different circumstances will be estimated.

Calculations will be made on the influence of crevice
geometry on the propagation process by way of the IR
potential drop down the crevice. Considerations will be
given to the influence of corrosion product on the IR
potential drop between anode and cathode. 0

Crevice Corrosion Propagation in Chlorinated Sea Water

Electrochemical studies will be carried out to establish the
effect, if any, of additions of hydrobromic acid to low pH
high chloride solutions. This effect will be quantified in

terms of maximum anodic corrosion rates and compared with
values in solutions that develop in crevices in natural sea * *
water alone.

Data on the cathodic reduction of hypobromous acid and
hypobromite on nickel base alloys in sea water will be •
sought from the literature. Some data will be generated as
part of this project to complement what is found in the
literature. From these estimates of the maximum cathodic
current densities (oxygen reduction and the reduction of 0
bromine and its compounds) will be made.

Other Data

The data obtained in Phase I during the mechanistic studies
together with that referred to in the abovementioned

paragraphs will be required as input data for the
mathematical model. However, much additional data will also

-9-
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be required relating to equilibrium constants, diffusion -

constants, mobilities, etc., for species present, including

those resulting from the chlorination process. These data

will be obtained from the literature and collated.

Verification and Use of the Mathematical Model

Predictions of the mathematical model will be verified by

comparison with the exposure test results obtained.

Modifications to the model may be required as this stage.

The outcome of this task will be a mathematical model, with

clear definitions of the scope of its use and its

limitations, which can predict the crevice corrosion

propagation performance of nickel base alloys in natural and

chlorinated st-a water. The basis of the model will be the

result of mechanistic study of crevice corrosion

propagation.

TIMESCALE

The timescale for the overall project is summarized in

Figure 1 where tasks are identified by their numbers given

in Table 3.

Phase I is over the first 18 months of the three year

program and Phase II is over the second 18 months.

The project is scheduled to commence April 1, 1990.

COST AND SPEND SCHEDULE

The overall cost of the program of work is as follows:

Phase I $ 73,315.00

Phase II $102,729.00

TOTAL $176,044.00

-10-



Th( estimated number of hours required to complete each task 0

is detailed in Table 4.

Detailed breakdowns of the costs for Phase I and Phase II

are given in Tables 5 and 6, respectively. In calculating 0

Ls these costs current rates in pounds sterling have been

converted to US dollars using the present exchange rate of

$1.67/pound sterling. Inflation has been assumed at 8

percent which is slightly less than the currently prevailing 0

rate in the UK. An average hourly rate over each Phase (18

months) has been calculated. Fees have been taken at 10

percent of the direct labor cost.

REPORTING

Status reports will be issucd at 9, 18 and 27 months with a

final report upon completion of the project. 0

Prepared by: Date: I\½c
Dr. John W. Oldfield
Director

Reviewed by: r\ r Date:1,qd G, I9' Q
Mr. ýa s A. M* digan \
Mana er, Bus ness Develo ment

r0

RDK-2B/900809K.P
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r96 TABLE 1
Chemical Composition of Materials (Nominal) W%1 0

I®
Mat. Ni Cr Mo C Fe Other

'Alloy 58.0 20.0-23.0 8.0-10 0.10 5.0 3.2-4.2 Cb+Ta
625 min max max 1.0 Ti max
(1) 1.0 Co max

Alloy Bal 14.5-16.5 15.0-17.0 0.02 4.0-7.0 3.0-4.5 W
C-276 max 1.0 Co max
(2)

Alloy Bal 20.0-22.5 12.5-13.5 0.015 2.0-6.0 2.5-3.5 W
C-22 max 2.5 Co max
(2)

(1) Alloy 625 supplied by Huntington Alloys, West Virginia, USA.

(2) Alloys C-276 and C-22 supplied by Haynes International,
Manchester, UK.

* 0



TABLE 2
Crevice Corrosion Exposure Test Matrix

Materials: Alloy 625, Alloy C-276, Alloy C-22

Surface Finish: Pickled (as received), ground

Crevice Geometry: 5mm annulus Perspex crevice former
direct onto specimen, same but with
vinyl washer between Perspex and
crevice former

Samples: Duplicate

0



Q TABLE 3
Task Identification

P PHASEI 6
1. Mechanism of Initiation of Crevice Corrosion 0

1.1 Natural Sea water
1.2 Chlorinated Sea Water

2. Crevice Corrosion Exposure Test Program

2.2 Natural Sea Water
2.2 Chlorinated Sea Water

3. Outline of Mathematical Model of Propagation

PHASE II •

4. Mathematical Modelling

5. Mechanistic and Other Data Required for the
Mathematical Model

5.1 Crevice Corrosion Propayation in Natural Sea Water

5.2 Crevice Corrosion Propagation in Chlorinated Sea
Water

5.3 Other Data 0 0

6. Verification and Use of the Mathematical Model

0

0

0

0

0



TABLE 4
Estimated Hours to Complete Each Task

Phase I

Task Number Principal Engineer Senior Technician

1.1 22.5 150.0

1.2 37.5 150.0

2.1 15.0 67.5

2.2 15.0 67.5

3 112.
202.5 435.0

Phase I1

Task Number Principal Engineer Senior Technician

4 150.0

5.1 82.5 225.0

5.2 60.0 225.0

5.3 37.5 -

2.1 -21.5
2.2 21.5

6 150.0

480.0 493.0

*o •
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TABLE 5
Cost Breakdown for Phase I (U.S. Dollars)

•iect ao

Principal Investigator - 202.5 hours @ $86/hour $17,415
Senior Technician - 435 hours @ $50/hour $21,750

"Total Direct Labor $39,165

Direct Material

Metal $ 1,500 0
Chemicals $ 2,165
Machining - 64 samples @ $67/each $ 4,299
Total Direct Material $ 7,953
Total Direct Material X Overhead Rate (0.10) $ 8,748

Travel 0

Transportation - 1 trip to ONR $ 1,250
- 8 trips to APE @ $240/each $ 1,920

Per Diem Costs - 13 days @ $135/each $ 1,755
Total Travel Costs $ 4,925

Equipment Use

Computer - 300 hours at $5/hour $ 1,500
Exposure Test Equipment - 15 months @ $420/month $ 6,300
ARE Laboratory Facilities $ 6,012
Total Equipment Use $13,812 0 0

Total Excluding Fees $66,650

Fees (10 percent) $ 6,665

GRAND TOTAL FOR PHASE I $73,315 0

0!
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TABLE 6
Cost Breakdown for_ Phase II CV, S. Dollarsi

Lirect Labor

Principal Investigator - 480 hours @ $97/hour $46,560
Senior Technician - 493 hours @ $67/hour $28,101

"Total Direct Labor $ 74,661

Direct Material

Chemicals $ 2,165
Total Direct Materials $ 2,165
Total Direct Materials X Overhead Rate (0.10) $ 2,382

Travel

Transportation - 1 Trip to ONR $ 1,420
- 8 Trips to ARE @ $267/each $ 2,136

Per Diem Costs - 13 Days @ $150/each $ 1,950
Total Travel Costs $ 5,506

Equipment Use

Computer - 300 hours @ $5/hour $ 1,500
Exposure Test Equipment - 9 months @ $420/month $ 3,780
ARE Laboratory Facilities $ 5,561
Total Equipment Use $ 10,841

Total Excluding Fees $ 93,390 * *
Fees (10 percent) $ 9,339

GRAND TOTAL FOR PHASE II $102,729

I i i I.. .. i " i : . . . . " - " i -0
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6
Task Year 1 Year 2 Year 3

S(See Table 3) QI Q2 Q31 Q41 QI Q2 Q31 Q41 QI Q2 Q3 A4

Phase I

1.2

2.1

2.2 -

3

Phase II

4 -

5.1

5.2

5.3 * *
6

kigure 1
Timescale
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JOHN W. OLDFIELD

Dr. Oldfield is currently Managing Director of Cortest
Laboratories Ltd, Sheffield, UK. In this capacity he is
involved with corrosion testing, research and consulting
specializing in the use of stainless steels and nickel base
alloys.

Prior to joining Cortest in 1987, Dr. Oldfield held the
position of Vice President of Inco's Middle East Projects
Group and was Technical Service Manager of Inco Engineered 9
Products, Ltd., operating out of Birmingham, UK.

Dr. Oldfield spent 1967 through 1970 as a Research Fellow to
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! 0 LABORATORIES LTO.

23 Shepherd Street, Sheffield. S3 7BA, UK.

STATUS REPORT - CONTRACT N00014-90-C-0100

DEVELOPMENT OF A MATHEMATICAL MODEL OF CREVICE CORROSION
PROPAGATION OF NICKEL BASE ALLOYS IN NATURAL AND CHLORINATED
SEAWATER

This 3 year contract commenced on ist April 1990. The current 0

status of the work is summarised below.

Mechanism of Initiation of Crevice Corrosion (TASK 1.1)

Electrochemical tests to determine passive current and critical
crevice solution values for Inconel alloy 625 have been carried •
out in chlorine free synthetic sea water. Hastelloy C-22 and
C- 276 material has been procured and testing on these materials
will commence shortly.

Crevice Corrosion Exposure Test Program (TASKS 2.1 and 2.2)

Inconel alloy 625 samples have been prcured and prepared for
exposure testiog. Hastelloy C-22 and C-276 samples are expected
shortly. Exposure test equipment for use at ARE, Holton Heath,
Poole, UK has been designed, procured and commissioned at Cortest
in Sheffield. Installation of the equipment and commencement of
exposure tests is expected during August.

J.W.Oldfield 31 July 1990

Telephone: (0742) 752101, Telex: 547427, Fax: (0742) 751989, • •
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0
ONR Contract N 00014-90-C-0100 Status Report at Ist July 1991

Contract Title: Development of a Mathematical Model of
Crevice Corrosion Propagation of Nackel Base
Alloys in Natural and Chlorinated Sea Water.

Project Goals: To establish the mechanism of crevice
corrosion resistant nickel base alloys in
natural and chlorinated sea water. Once
established the mechanism will be used to
develop a mathematical model of the process
to allow predictions to be made indicating
under what conditions corrosion will occur
and at what rate.

Present Status

Phase I (April 1 1990 to 30th Sept 1991)

Mechanism of Initiation of Crevice Corrosion (Tasks 1.1 and
1.2) * 0

The composition of the major alloying elements in the three
nickel base alloys studied in this project are as follows:-

Alloy Cr Ni Mo Fe

Inconel Alloy 625 22.3 60.0 8.82 4.47

Hastelloy C22 21.4 55.3(bal) 13.9 4.2
Hastelloy C276 15.4 57.1(bal) 16.0 5.89

Electrochemical tests to determine critical crevice solution
values and passive currents for these three alloys have been 0
carried out. Passive current values have been measured as a
function of time. Values of this current after 100 hrs are
given in Table 1. Critical crevice solution values and crevice
corrosion resistance (CCR) values predicted by the mathematical
model of crevice corrosion initiation are given in Table 2. In
determining the CCR values the same passive current value was •
used for all three alloys.

Corrosion potentials have been measured in synthetic sea water
with and without chlorine additions. Values obtained are
summarised in Table 3.

CCS values show Inconel alloy 625 to be significantly inferior
to the Hasteiloy materials. The passive current values coupled
with the corrosion potentials of the different alloys allow us
to estimate the passive current relevant to each alloy in
synthetic sea water. In unchlorinated sea water pickled and
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passivated material behaves in a similar manner: ground
material has potentials more noble by between 40 and 200mV.
Inconel alloy 625 has corrosion potentials more noble than the
Hastelloy materials by about 100mV in the case of pickled and
passivated surfaces and 230mV in the case of ground material.

A preliminary analysis of the data shows that the corrosion
potential difference between '625' and 'C22' results in similar
passive currents being operative. The passive current value
for 'C276' appears higher, due probably to its 'ower chrcm:um
content. At this stage of the Project the CCR values given
in Table 2 for '625' and 'C22' are considered accurate while 0
the value for 'C276' is considered high since no account was
taken of its higher passive current in obtaining this data.

Corrosion potentials in chlorinated sec water show potentials
going more noble as the chlorine level increases. Also at the
lower chlorine levels there is a tendency for the potential to
increase on going from 'C276' to 'C22' to '625'. From Table 1
we see that the passive current increases only moderately as
the potential is increased from -200 to +300 mV Between 300
and 400 mV however it increases by an order of magnitude. The
resistance to crevice corrosion initiation under these *
conditions, which prevail in chlorinated sea water (see Table
3) will be severely reduced. In lppm chlorine this effect is
more severe with '625' (350 mV) than with 'C22' (325 mV) and
'C276' (275 mV).

Results to date have quantified some of the differences in
resistance to crevice corrosion initiation of the three alloys
being tested in sea water and chlorinated sea water. Further
analysis of the data is in progress.

Crevice Corrosion Exposure Test Programme (Tasks 2.1 and 2.2)

Samples of the three nickel base alloys have been procured and 0

a 2-year test programme commenced in August 1990 at the
Admiralty Research Establishment in Poole. UK where natural sea
water is available. The exposure test rigs were designed.
build and commissioned by Cortest as part of this Project.

Tests are being carried out in unchlorinated filtered sea water 0

and chlorinated filtered sea water (1 ppm). Material is being
tested in the as received condition and the ground condition.
The crevice former is the 'Perspex' crevice annulus (5mm) used
by Cortest and LCCT for a number of years. Two crevice
geometries are being studied. with and without a PVC insert in
the crevice. Results based on visual examination of the tests
in situ re given in Table 4. Note that half the '625' samples
are to be removed after 1 year (August 1991). These visual
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data appear to indicate the superiority of 'C22' over '625' and
in fact over 'C276'. The latter fact may well be linked with
the low chromium and high passive current values of 'C276'.
The severity of a PVC type crevice over a simple Perspex one is
also highlighted.

Outline of Mathematical Model of Propagation (Task 3)

Work has commenced on this task but is at an early stage. The
model of initiation and the interplay of CCS data and passive
current with corrosion potentials appear, at this stage, to
relate well to the preliminary results of t*, exposure test
data.

Aspects of propagation which are currently being considered are
the influence of high concentrations of nickel ions in the
vicinity of the crevice once propagation has commenced. The
usual considerations for propagation of stainless steels are 0
those of high concentrations of ferrous ions. Nickel oxide is
for example well known as a catalyst for oxygen reduction. It
may be possible for such species to form either inside or
outside the crevice and accelerated the rate of propagation.

This outline will be complete prior to the start of Phase Ii on 0 0
the Project in October 1991.

0

0

0

0

0 0
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Table 1 Passive Current Values at 100 hrs (uA/cm2) 0

Surface Potential C276 C22 625
Finish Vs SCE 0

passivated 500 3.0 7.0 3.6
"400 1.2 1.4 1.1
300 0.11 0.11 0.04

" 200 0.10 0.07 0.04
"0 0.08 0.05 0.03 0

-200 0.08 0.03 0.01

ground 200 0.10 0.11 0.03
"0 0.08 0.08 0.02

-200 0.06 0.07 0.01

pickled 200 0.13 0.10 0.04
"0 0.10 0.09 0.04

"-200 0.O0 0.06 0.01

Table 2 CCS Crevice Corrosion Resistance (CCR) Values

CCS, pH CCR
(CI--6N) 0

625 -0.27 2150
C22 -0.53 2630
C276 -0.59 2975



I Table 3 Corrosion Potentials (vs SCE)

Environment Surface C276 C22 625
Finish 0

Synthetic sea water pickled -235 -232 -120
grouna -194 -142 + 92
"passivated -236 -238 -130

Synthetic sea water passivated 275 325 350
plus ippm Cl=

Synthetic sea water passivated 320 340 353
plus 3ppm Cl= ground 315 340 355 6

pickled 355 370 385

Synthetic sea water passivated 410 420 410
plus lOppm Cl7

*
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Table 4 Corrosion Sites Initiated 10 months into the
Exposure Test Programme (Total No of sites.
assuming 2 per specimen i.e. 1 either side)

Alloy Crevice Surface Sea Water Chlorinated
Finish Sea Water

625 insert Pickled 6 of 8 4 of 8
"No insert " 0 of 8 0 of 8

"insert Ground 0 of 8 0 of 8
"No insert "I of 8 0 of 8

C22 insert CR Annealed 0 of 4 0 of 4
"No insert 0 of 4 0 of 4

"insert Ground 0 of 4 0 of 4
"No insert 0 of 4 0 of 4

C276 insert CR Annealed 4 of 4 4 of 4
"No insert 1 0 of 4 0 of 4

"insert Ground 4 of 4 2 of 4
"No insert 0 of 4 0 of 4
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LABORATORIES LTD.

23 Shepherd Street, Sheffield. S3 7BA, UK.
0

ONR Contract N 00014-90-C-0100 Status Report at 18t July 1992

Contract Title: Development of a Mathematical Model of
Crevice Corrosion Propagation on Nickel Base
Alloys in Natural and Chlorinated Sea Water.

Project Goals: To establish the mechanism of crevice
corrosion propagation of corrosion resistant
nickel base alloys in natural and
chlorinated sea water. Once established the
mechanism will be used to develop a
mathematical model of the process to allow
predictions to be made indicating under what
conditions corrosion will occur and at what S
rate.

Present Status

Phase I (April 1 st 1990 - 30th Sept 1991)
* 0

Mechanism of Initiation of Crevice Corrosion (Tasks 1.1 & 1.2)

These tasks have been completed. It is concluded that
initiation of attack in both chlorinated and unchlorinated sea
water is by an acidification-depassivation mechanism. Surface
finish is an influencing factor on Inconel alloy 625, a pickled
surface being more prone to attack than a ground surface. The
passive current appears similar on both surfaces but there are
indications .that in chlorinated sea water the potential on
pickled material is more noble than on ground material.
Crevice geometry is important, as demonstrated by exposure test
results (see below). 0

Crevice Corrosion Exposure Test Programme (Tasks 2.1 & 2.2)

That part of these tasks scheduled for Phase I have been
completed. A full set of Inconel alloy 625 samples were
removed from test after 1 year in August 1991. These were •
duplicate samples of ground and pickled samples with Perspex*
and Perspex plus a vinyl insert assemblies, all tested in
natural sea water and natural sea water chlorinated to Ippm
residual chlorine i.e. 16 samples in all. A summary of
observations on these samples is given in Table 1. Corrosion
occurred on one side of 4 samples, initiating by 21 days 0
(observations were made every 2-3 days) on all 4 pickled
samples with the assemblies containing the vinyl inserts.
Attack was superficial with no significant depth of attack.
Clearly the pickled surface is more prone to attack than the
ground surface and the crevice with the vinyl insert is more
• Trademark

Telephone: (0742) 752101, Fax: (0742) 751989
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severe than the Perspex crevice. There appears to be little
difference in the severity of chlorinated and unchlorinated sea 0
water at the level of chlorination used. ( 1 ppm residual).

Outline of Mathematical Model of Propagation (Task 3)

The outline of the model of propagation has now been completed.
It assumes that initiation of corrosion is by acidification and 0
breakdown of the protective film via the generally accepted
mechanism for crevice corrosion of stainless steels. The time
to breakdown is influenced by the crevice geometry and
environment, the latter influencing both the passive current
and critical crevice solution (CCS) value. Chlorination and
natural sea water result in a range of corrosion potentials 0
which can influence the passive current; chlorination itself
does not influence the CCS value.

The propagation rate can be controlled by either the anodic
dissolution of the metal (anodic control), the cathodic
process, usually oxygen reduction (cathodic control) or by the •
IR potential drop down the crevice (IR control). With nickel
base alloys the corrosion is usually controlled by the anodic
dissolution of the alloy, since this is normally low. This
will be modelled by assuming a gradual increase in corrosion
current with falling pH below the CCS value; the relationship
between current and pH will be determined empirically. The 0 0
influence of cathodic reaction, both oxygen reduction in
natural sea water and chlorine reduction in sea water will be
built into the model; the rate of reduction and the potential
at which it occurs are the key factors. The influence of IR
potential drops down the crevice will be included using the
information on potential differences between the cathodic and
anodic processes.

Phase II (1st' October 1991 - 3 1St March 1993)

Mathematical Modelling (Task 4)

Mathematical modelling based on the mechanism developed under
Task 3 is underway but at an early stage.

Crevice Corrosion Propagation Data in Natural Sea Water (Task
5.1)

This Task is due to commence in July 1992

Crevice Corrosion Propagation Data in Chlorinated Sea Water
(Task 5.2)

This Task is due to commence in September 1992. 0
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Additional Data (Task 5.3)

This task is due to commence in September 1992.

Crevice Corrosion Exposure Test Programme (Task 2.1 & 2.2)

The exposure test programme wiII be completed in August 1992
when information obtained on Hastelloy C22 and Hastelloy C276
will be compared with Inconel 625 data.

Verification and Use of the Mathematical Model (Task 6)

This task will commence in December 1992. The Project
completion date is 3 1 th March 1993.

* 0

•, . . . .. . .. .. .. . . . . .. . .. . .. .. .
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Table 1 Inconel Alloy 625 Samples Tested for 1 Year 0

Identification Surface Assembly Solution Time to Depth
Finish Initiation of Attack

IAI - 1 P PX SW

IAI - 2 P PX SW -

IAI - 5 P PX CL -

IAI - 6 P PX CL - -

IAI - 9 P IN SW Fi days T-O

JAI -10 P IN SW 21 days TSO

IAI -13 P IN CL 2 days dao

IAI -14 P IN CL 21 days TDB

IAI -21 G PX SW -

IAI -22 G PX SW - - 0

IAI -25 G PX CL - M

IA1 -26 G PX CL -

IAI -29 G IN SW - M 0

-IAI -30 G IN SW -

,IAI -33 G IN CL -

IAI -34 G IN CL -

I
Notes: P = Pickled, G Ground, PX = Perspex, IN = Perspex with vinyl insert

SW sea water, CL = Chlorinated sea water, TBD = to be determined
but les than 0.02mm. 0

• Represents 2 sides of each sample, upper = numbered side, lower = blank sidE
-I indicates no initiation and no propagation

1 0I°

! 0

0 @
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ONR Contract N 00014-90-C-0100 Status Report at 1" July 1993

Contract Title: Development of a Mathematical Model of Crevice Corrosion
Propagation on Nickel Base alloys in Natural and Chlorinated
Sea Water.

Project Goals: To establish the mechanism of crevice corrosion propagation of
corrosion resistant nickel base alloys in natural and chlorinated
sea water. Once established the mechanism will be used to
develop a mathematical model of the process to allow
predictions to be made indicating under what conditions
corrosion will occur and at what rate.

Present Status

The Project has been extended by 6 months and will now be completed by 30O
September 1993. 0

Phase I (April 1" 1990- 31d September 1991)

Mechanism of Initiation of Crevice Corrosion (Tasks 1.1 & 1.2)

These tasks have been completed. It is concluded that initiation of attack in both 0

chlorinated and unchlorinated sea water is by an acidification-depassivation
mechanism.- Surface finish is an influencing factor on Inconel alloy 625, a pickled
surface being more r-one to attack than a ground surface. The passive current
appears similar on both surfaces but there are indications that in chlorinated sea
water the potential on pickled material is more noble than on ground material. 0
Crevice geometry is important, as demonstrated by exposure test results (see
below).

Crevice Corrosion Exposure Test Programme (Tasks 2.1 & 2,2)
0

These tasks are now complete. The exposure test programme was completed
during the year with a total of 48 specimens with crevice assemblies attached being
tested (2 sides per specimen, 96 sides or crevices). In total 28 sides corroded, 17 in
sea water, 11 in chlorinated sea water. Of the 28 sides, 26 were when a PVC insert
was present giving a more severe crevice than in its absence. In terms of materials 0
15 sides of Hastelloy C-276 samples corroded, 12 sides of Inconel 625 and 1 side of
Hastelloy C-22. Maximum depth of attack after 2 years observed on Hastelloy
C-276 was .028mm on Inconel 625, .098mm and on Hastelloy C-22. .003mm.

0



Outline of Mathematical Model of Propagation (Task 3)

This task was completed and reported in the Status Report at 1= July 1992.

Phase II (1* October 1991 - 30ul September 1993)

Mathematical Modelling (Task 4)

This is a continuing task based on the mechanism outlined in Task 3. The
programme is being written in the language QBASIC.

Crevice Corrosion Propagation Data (Task 5.1 & 5.2)

Crevice corrosion propagation rates have been studied via anodic polarisation S
curves in very low pH aggressive environments. Maximum dissolution rates are
found to be very sensitive to temperature and in view of this some of the earlier CCS
determinations are being repeated, since it is felt that the temperature control may
not have been accurate enough.

To help incrase our understanding of the influence of solution composition, pH and
temperature in the alloys being studied, various experiments were carried out.

The influence of the total chloride in the solution at a fixed pH level of zero was
studied in the following solutions 0

1. SSW (synthetic sea water)
2. SSW with 1.5N NaCl added
3. SSW with 2.5N NaCl added
4. SSW with 5.ON NaCI added 0

The pH was adjusted to zero in all cases by the addition of HCl. Results are shown
in Figures 1, 2 and 3. There is very little difference in the curves for any one alloy
indicating very little influence of total chloride on the peak height at this pH, which is
above the CCS value. •

Jurinski, Scully and Lillard published a paper 'Crevice Corrosion of Alloy 625 in
Chlorinated ASTM Artificial Ocean Water' (Corrosion '93, Paper 501) showing
polarisation curves for Alloy 625 in HCl solutions. They used the following
relationship to calculate the pH value of the solutions S

logy (H+)=0.1531

where y is the active coefficient for H+ and I is the ionic strength of the solution.

To study the influence of temperature on propagation, polarisation curves were
obtained in a 25% concentrated HCI solution at 25%, 50" and 75"C for all 3 alloys.
This solution is -3N with a calculated pH value of -- 0.92. The results are shown in
Figures 4, 5 and 6. These highlight the sensitivity of the curves and therefore the
CCS values and propagation rates to temperature. One consequence of this is that
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if the performance of these alloys may change significantly over the temperature
range 5" - 35"C. covered by natural sea water in different parts of the world. It is
worth noting from these results that at 50"C the active corrosion rate of Inconel 625 0

I in this particular solution is an order of magnitude greater than Hastelloy C-276
which is marginally greater than Hastelloy C-22.

"Further studies will be carried out to determine the influence of temperature on CCS
• values and propagation rates. 0

Additional Data (Task 5.3)

I To help understand the role played by alloy composition and surface finish on the
initiation and propagation of crevice corrosion of the nickel base alloys ESCA and

* SEM/EDAX studies will be carried out to study the change, if any, in alloy
composition close to the surfaces.

Verification and Use of the Mathematical Model (Task 6) 0

This task will commence towards the end of the Project in August 1993.

*0
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FIGURE I INCONEL 625
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FIGURE 2 HASTELLOY C276
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FIGUR~E 4 INCONEL 625
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FIGURE 5 HASTELLOY C276
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FIGURE 6 HASTELLOY C22 )

E

* -3

a--o
Lr-'4

Cuj
C'!
C'!

c0

- I

-w,

r C-3 C-) C-)-
- LO c= Lc')

WC Co aO a 00

U-1

4 1 C; C; C ; C U i n
C- Lo Q 7Ir > L ý) C

3c~~ 0u v



I °
I a

Appendix 6. Paper 'Performance of Nickel Base Alloys
L ~in Critical Sea Water Applications' byI J W Oldfield. NACE Corrosion Asia '94,

Singapore 26-30th September 1994. ,

I
!0

II



Performance of Nickel Base Alloys in Critical Sea Water Applications

[ John W Oldfield 0
Cortest Laboratories Ltd
23 Shepherd Street •,)

t Sheffield, S3 7BA
UK

Abstract

Nickel base alloys such as Alloy 625, C22 and C276 are generally considered to
have exceptional corrosion resistance in critical sea water applications at ambient
temperature. Test results published in recent years however indicate that severe
crevice corrosion of some of these alloys may occur under certain conditions.
Exposure tests have been carried out in natural and chlorinated sea water, together

I with electrochemical studies and simple mathematical modelling. These data help
to explain the observed phenomena and go some way to allowing the safe selection
of nickel base alloys for critical sea water application.

The work has been sponsored by the Office of Naval Research (ONR), Department
of the Navy, Arlington, Virginia.

Key terms: crevice corrosion, sea water, nickel base alloysmathematical modelling
*0

Introduction

Corrosion resistant nickel base alloys have fcr many years been considered
excellent materials for use in natural and chlorinated sea water; their pitting and
crevice corrosion resistance in particular has been accepted as being good enough 0
for the majority of applications. However, more recently some sea water exposure
tests (1,2) have shown initiation of attack and in some cases unexpectedly high
rates of propagation of attack have been observed. The results presented here are
part of a fundamental program of work, sponsored by ONR, aimed at establishing
the mechanism of crevice corrosion propagation of these alloys, this to be used to
develop a mathematical model of the process to allow predictions to be made
indicating under what conditions corrosion will occur and at what rate. Data are
reported from exposure tests in natural and chlorinated sea water, electrochemical
studies, simple mathematical modelling and some surface analysis. Results confirm
the strong influence of crevice geometry on the initiation of attack and indicate that
temperature variations observed in sea water around the world could well account
for marked differences in propagation rates.

Background

Mechanism of Crevice Corrosion in Natural Sea Water S
The successful use of stainless steels and nickel base alloys in sea water depends
to a large extent on their resistance to crevice corrosion. This form of attack
typically occurs in shielded areas in bulk environments containing chloride ions. The
mechanism of crevice corrosion which is now generally accepted (3) can be outlined
as a four stage process. S

00



Firstly the solution within the crevice becomes deoxygenated as a result of the
passive current flowing in the occluded area; the rate of oxygen diffusion into the
crevice is not rapid enough to replace its rate of depletion as the cathode process 0
matches the anodic current. Once this has occurred the cathodic process moves
outside the crevice and the anode and cathode are now separated. Current flows
between the two and mass transport phenomena result in a build-up of chloride ions
and a reduction in pH within the crevice. This second stage continues until either a
steady state is reached with no corrosion occurring or the crevice solution reaches a 0
composition which, combined with the potential distribution in the crevice causes
breakdown of the passive film on the alloy. Once breakdown has occurred (stage
3) the final stage, propagation of attack commences.

It should be noted that various detailed mechanisms have been put forward for the 0
actual breakdown stage of crevice corrosion (4,5.). However, in general these result
in the potential within the crevice being on a part of the polarisation curve for the
alloy in the crevice solution such that corrosion will initiate. This can be either in a'pitting region' or in an 'active region'. The current which is referred to as the
'passive current' can be either a uniform, low passive current over the entire surface
of the alloy or a relatively high current at local defects. Solution changes that occur
can also be local within the crevice resulting from dissolution of inclusions (6). This
breakdown mechanism differs from that described above but has been shown to be
possible on 304 stainless steel containing MnS inclusion.

Once breakdown has occurred propagation of attack proceeds and is controlled by
the anodic or cathcdic process or the 'IR' potential drop down the crevice between
the anode and the cathode. This process is dynamic and in many cases controlling
factors change as the process progresses e.g. attack may commence deep inside
the crevice under IR control; the corroding area will then move towards the mouth
of the crevice where anodic or cathodic control takes over.

Mathematical Modelling of Crevice Corrosion in Natural Sea Water
The first attempt at developing a mathematical model of crevice corrosion of
stainless steels and nickel base alloys in sea water was published in 1978 (7). This 0
simple model was successful in that it quantified the mechanism of initiation of
attack, using appropriate input parameters, in particular critical crevice solution
values (i.e. that solution which will break down the passive film) and passive current
values. Predictions of this model were quite accurate in terms whether or not
corrosion would occur and if so how long the initiation period wouic oe. Since 1978 0
a number of models have been developed which are significantly more rigorous than
the earlier one (e.g. 8,9). Other studies, on 304 stainless steel in particular, indicate
that a different mechanism of breakdown occurs and this has also been modelled
(10).

To assist with thz further oevelopment of crevice corrosion modelling relating
specifically to nickel base alloys, and particularly to propagation, additional practical
information is required. This paper reports experiments to obtain that data, leading
to an explanation of high corrosion propagation rates observed for Alloy 625 under
certain conditions (1).
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Experimental

5 Materials
Three nickel base alloys were tested in this study Inconel* 625 (UNS No. N06625),L Hastelloy* C22 (UNS No. N26022) and Hastelloy* C276 (UNS No. N10276). The
Inconel alloy was supplied by Inco, the Hastelloy alloys were supplied by Haynes
International. The compositions from the manufacturers certificates are given in 0

I Table 1. Alloy 625 was supplied in the pickled condition, the Alloys C22 and C276 in
the cold rolled and annealed condition, All materials were in the form of -3mm
sheet.

I, Exposure Tests 0
Crevice corrosion exposure tests were carried out at the UK's Defence Research
Agency facility, on hire to Cortest, at Holton Heath, Poole, UK. Stored sea water
was available in the laboratory for use on a once through basis.

I Tests were carried out in two environments, natural and chlorinated once through
sea water. Chlorination was achieved by adding sodium hypochlorite in a mixing
tank which fed into the exposure tank. The residual chlorine level was maintained
at nominally lppm by regular measurement and subsequent adjustment to the
mixing tank. Temperature was ambient, flow rate in both tanks was 11 litre/h and
each tank had a capacity of -120 litres. 0 0

Samples were 100 X 75mm in size (and -3mm thick) with a 15mm diameter hole in
the centre. Two surface finishes were used for each alloy, the 'as received' surface
(pickled for Alloy 625, cold rolled and annealed for Alloys C22 and C276) and a
grounc surface. The ground surfaces were applied by the manufacturers. These 0
surfaceb were characterised by Talisurf measurement of surface roughness and
these are reported in Table 2.

I The crevice assembly used was the Perspex* crevice assembly described in detail
elsewhere (11). Essentially it consists of two crevice formers , each with a 5mm
circular annulus and approximately 30mm diameter fastened through the central
hole in the specimen by means of a nut and bolt, torqued up wet to 10Nm. Two
crevice geometries were considered, one as just described a second with a 0.2mm
thick PVC annular ring between the Perspex and the metal, this giving a tighter and
therefore more severe crevice.

Under each set of conditions duplicate samples of each alloy were tested for a 2
year duration. For Alloy 625 an additional set of specimens were tested and
removed after 1 year. The test parameters are summarised in Table 3.

During the exposure tests in situ visual observations were made daily for evidence
of corrosion for the first month; this was then reduced to weekly examination.

*Trademark •
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Electrochemical Studies
Electrochemical studies were carried out to determine the critical crevice solution 0
(CCS) of each alloy over a range of temperatures. The method used is described
elsewhere(4) but involves obtaining a series of polarisation curves in increasingly
aggressive solutions (high chloride, low pH) to simulate the development of a
solution in the crevice. The CCS is that solution which will give an anodic active
peak height of 10pa/cm2 . The CCS is thereby a solution which can cause S
breakdown of the protective passive film within a crevice. For comparative purposes
CCS values obtained in HCI solutions alone were also determined.

Surface Analysis
To examine possible depletion of alloying elements close to the surface SEM/EDAX S
analysis was carried out over the first 20pm from the outer surface of each surface
finish on each of the three alloys.

Results

Exposure Tests
Environmental conditions over the period of the exposure tests are given in Table 4.
A summary of the observed results for the initiation of attack are shown in Tables 5
and 6. Times to initiation are not given since the visual observations made during
the test are not considered totally accurate. However, an indication cf actual times * *
to breakdown is given in Table 7; these show that breakdown occurs early in the
exposure test. Maximum depths of attack are given in Tables 8 and 9 for
metal/PVC and metal/Perspex crevices respectively. It should be noted that the
area of attack on the one sample of Alloy C22 which showed corrosion was an
extremely small pit at the edge of the crevice, the same applies to the pickled
sample of Alloy 625 which corroded under the Perspex crevice. The corroded area
of the ground sample of Alloy 625 under the Perspex crevice was small but
significant. The corroded area under all the other samples which initiated was much
greater, approaching the entire crevice area.

Electrochemical Studies
CCS values were obtained over a range of temperatures for the three alloys being
studied using the conventional technique described elsewhere (4). Results are
shown in Table 10 and compared with values obtained in HCI solutions alone as
described by Jurinski et al (12)

Mathematical Modelling
The CCS values given in Table 10 have ,een used as input to Cortest's
mathematical model of crevice corrosion (7). Alloy compositions given in Table 1
were used as input, together with a passive current value of 0.1 pA/cm2. The model
was run in the mode described previously (4) and used in other publications by the
author (13). Results are shown graphically in Figure 1. The crevice corrosion
resistance is the time it would take for a 1pnm metal to non-metal crevice to break
down in hours under hypothetical conditions that no diffusion out of the crevice can
occur. In other words no steady state can develop and therefore breakdown must
eventually occur. 0

l " l I " " I i l : l i i" i . . .. • • - .. . .
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Surface Analysis
The variation of the levels of Cr, Ni and Mo close to the surface of the three alloys
under study in each of their two surface conditions is of most interest. These are
shown in Figure 2. 3 and 4 respectively.

Discussion

Notwithstanding the difficulties of obtaining reproducible results in crevice corrosicn
testing the exposure tests reported here allow a number of conclusions to be drawn.
These are summarised below:-

when initiation does occur it is within a relatively short time e.g. weeks
in terms of resistance to initiation of attack Alloy C22 performed the best followed 0
by Alloy 625 with Alloy C276 showing the greatest number of initiated sites
surface finish effects were mixed, on Alloy 625 the pickled surface showed much
greater tendency to initiate than the ground surface, on Alloy C276 both the CR
annealed and the ground surface were susceptible. On Alloy C22 there was
essentially no corrosion and therefore no effect 0
crevice geometry effects very clearly showed the PVC-metal crevice to be much
more severe that the Perspex metal crevice
in terms of initiation there was little difference between sea water and chlorinated
sea water.
in terms of propagation on Alloy 625 the corrosion rate was less in chlorinated 0 0
sea water than sea water alone. Maximum depths of attack at 2 years were
significantly greater than at 1 year. All corrosion was on a pickled surface
in terms of propagation on Alloy C276 the corrosion rate on a ground surface was
less than on the CR annealed surface. Depths of attack were slightly less in
chlorinated sea water on the CR annealed surface but the same on the ground 0
surface.

The model predictions of resistance to initiation of attack show agreement in the
relative performance of Alloy 625 and Alloy C22 at around ambient temperature.
Alloy C276 is ranked to perform better than it actually did. According to the US Navy 0
data base (14) the material has outperformed Alloy 625 in many exposure tests, in
agreement with the present model predictions. The explanation for this lies in the
variation in surface roughness and in alloy composition close to the surface
compared with in the bulk, illustrated in Figures 2,3 and 4. The significance of the
alloy composition variations can be seen by using these to calculate pitting 0
resistance equivalent numbers (PRE's) based on the formula Cr + 3Mo for the
surface and bulk of each alloy in each surface condition. These results are shown in
Table 11. This indicates Alloy C22 to be the best material in both surface
conditions, it also shows that pickled Alloy 625 is inferior to the ground surface,
confirming what was found in the exposure tests. Again based on the PRE numbers 0
Alloy C276 is predicted to be superior to ground Alloy 625 and would therefore not
be expected to corrode.

The crevice severity is a function of the surface roughness, the smaller the
roughness the greater the severity. Referring to Table 2 we see that the Alloy C276 0



crevices were therefore much more severe than the Alloy 625 ones. This is
considered to be the reason why this alloy corroded. In other words the exposure
test was not comparing like with like, had the surface roughness on Alloy C276 been S
the same as on Alloy 625 it would probably not have corroded.

Thus surface composition considerations and surface roughness effects allow a full
explanation of the exposure test results of initiation of corrosion; their compatibility
with model ranking predictions is also confirmed. S

Turning now to propagation of crevice corrosion, if the corrosion rate is controlled by
the anodic dissolution of the alloy then it is the initial crevice geometry and the
temperature which will determine this rate. As geometry becomes more severe (i.e.
tighter, deeper crevices) a more aggressive, lower pH can develop which equates to
a higher alloy dissolution rate. As the temperature increases, again the active
dissolution rate increases. These effects are illustrated in Figure 5 and 6. The
maximum depth of attack data reported in Table 8 can be converted to an anodic
current using the approximate relationship that lpjA/cm 2 is equivalent to a corrosion
rate of 0.0lmmlyear. The corrosion rate for Alloy 625 then corresponds to a current 0
of 6.2 and 3.OpA0cm2 in sea water and chlorinated sea water in 1 year tests. The
currents for Alloy C276 are :ower and in the range 0.8 - 1.4pA/cm 2.

The data in Figure 5 and 6 was obtained dynamically. Steady state measurements
will reduce the current values somewhat but nevertheless it is clear that small 0 0
changes in the combination of pH i.e. crevice severity, and temperature can result
in large changes in corrosion rate. For example, if we assume that steady state
current values are a factor of 5 less than the dynamic ones in Figure 5 and 6, and
that the observed temperature variations at pH -0.94 is similar at other pH values
then maximum corrosion rates can be estimated for given crevice solution pH values 0
and temperature. Examples are shown in Table 12 for solution pH values of -0.94
and -1.21 with. temperatures of 15"C and 30'C respectively for Alloys 625 and C276.
The change in corrosion rate for Alloy 625 is greater than a hundredfold for these
relatively small changes in condition. Such changes have been seen in practice (1)
and this mechanism is put forward to explain them. Note that the temperature range 0
chosen for the example is within the range of variation of natural sea water; the pH
values chosen are considered sensible for severe and very severe crevices.

Thus although the exposure test data on propagation rates is limited, when coupled
with other data (1) and the electrochemical studies, a mechanism that predicts and 0
explains large differences in corrosion rates on Alloy 625, which have been
observed, has been put forward.

Summary and Conclusions

Crevice corrosion initiation and propagation of nickel base alloys Alloy 625, Alloy
C276 and Alloy'C22 in sea water and chlorinated sea water has been studied by
exposure tests, electrochemical studies, surface analysis and mathematical
modelling. The initiation of attack has been shown to be a function of crevice
geometry and surface composition and has been successfully predicted by the
modelling route. A mechanism of propagation has been suggested which

SI it i I i il i lli l i /li l i Nil i -ili 0 i0
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successfully predicts large differences in the corrosion rate of Alloy 625 for relatively
small changes in crevice geometry and temperature.
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Table 1 Chemical Composition of Alloys Studied

"1 Composition %
Alloy J C Cr Mo Ni Fe S AlI Ti ,Nb÷Ta W-

Alloy 625 003 22.33 882 60.04 1 4.41? -0.001 0 23 1021 3.55 -

jAlloyC22 10003 1214 13.9 bal 42 <f0.002 - 29

Alloy C276 10.003 15.4.4 15.96 b bal 1 89 10.002 - 3 21

Table 2 Surface Roughness of Alloys Tested

Alloy Surface Surface Roughnessr A Finish (Ra value , pm)

!Alloy 625 jPickled 1.61
_ _ _ Ground 1.90

!Alloy C22 !CR and Annealed 0.20 0
_ _ _ Ground 0.46

Alloy C276 iCR and Annealed 0.22
CGround 0.47

Table 3 Expoure Test Parameters

E-ivirnmenz - natural and chlcrinated (1 ppm) sea water

Materials - Alloy 625, Alloy C22, Alloy C276 S
:Surface Finish - As received and ground

Crevice Geometry - 5mm annulus Perspex crevice with and without
PVC insert

Test Duration - 2 years for all alloys, 1 year also for Alloy 625 0

Samples - Duplicates

Note: Total number of samples: Alloy 625 - 32, Alloy C22 -16, Alloy C276 -16

Table 4 Environmental Conditions over the Period of
the Exposure Tests

Temperature Residual Chlorine
Environment 1Range Average Re Average pH Range

Sea water 15.0-22.5 17.6 - 7.91-8.11
Chlorinated 15.0-22.5 18.0 2.0-0.4 1.14 7.83-8.17
sea water I

.. ~~~~ ...... 0.



Table 5 Initiation of Crevice Corrosion in Natural Sea Water TestsL°
Crevice Alloy ISurface Crevice* Total no.
Geometry _Finish ilnitiaed of Samples

Perspex/Metal Alloy 625 Pickled 1/8 4
Ground 11/8 4

Alloy C22 CR Annealed r0/ 4  2
Ground 0/4 2

Alloy C276 CR Annealed 0/4 2
Ground 0/4 2

1PVC/Metal 'Alloy 625 Pickled 6/8 14
lGround 0/8 4

, Alloy C22• CR Annealed 1/4 2

Ground 0/4 2

Alloy C276 TCR Annealed 14/4 2
lGround 4/4 2

"There are two crevices per assembly; results are report.ed as crevices
initiated/total number of crevices

Table 6 Initiation of Crevice Corrosion in Chlorinated Sea Water Tests

'Crevice jAlloy Surface Crevice Total no.

Geometry I Finish Initiated of Samples 1
iPerspex/Metal 'Alloy 625 Pickled 0/8 14

Ground 0/8 14
Alloy C22 CR Annealed 0/4 2

Ground 0/4 2

Alloy C276 CR Annealed 0/4 12
_Ground 10/4 2 •

PVC/Metal Alloy 625 Pickled 4.18 74
Ground 10/8 4

Alloy C22 CR Annealed 0/4 12
_Ground 0/4 2 2

Alloy C276 CR Annealed 4/4 21
___ __ ___ _ __ ___ __ IGround 13/4 2



Table 7 Comparison of Observed Corrosion on Completion of Test and Times •
"to Initiation Noted During Test

Alloy Total sides Visual observation
corroded during test

Alloy 625 12/48 10 at 21 days
1 at 68 days
1 not observed visually

Alloy C22 11/32 1 not observed visually

Alloy C276 15/32 13 at 21 days 0
1 at 162 days
1 not observed visually 1

Table 8 Maximum Depth of Attack on Corroded Samples
with MetalIPVC Crevice

Alloy Surface Maximum Depth of
Attack (mm)

'Alloy 625 Pickled 1 yr tests sea water .062
1 2 yr test sea water .098

1 yr test C!V sea water .030 S

2 yr test Cl2 sea water .076

A___oyC2 _ iCR Annealed 2yr test sea water 1.003
Alloy C276 CR Annealed 2 yr test sea water 1.028

2 yr test Cl2 sea water .021
.Ground 2 yr test sea water .015
I 2 yr test CI. sea water .016 a

Table 9 Depth of Attack on Corroded Samples with Metal/Perspex Crevices

Alloy Surface Maximum Depth of
Attack (mm)

Alloy 625 - Pickled 2 yr tests sea water <.0016

Ground 2 yr test sea water .019



Table 10 Critical Crevice Solution Values Defined as a pH Value 0

_ Alloy
'Temperature Alloy 625 Alloy C276 .Alloy C22

5 -0.60 NA NA
20 -0.32 N A J NA
25* -0.20 -0.62 -0.95

30 I -0.37 <-1.0

050 0.00 0.04

73 07 0.34 05
* Values obtained in HCI solutions alone. pH calculated

according to reference 12.
NA: No CCS values obtained, 1IjAIcrM2 not achieved on
active peak.

Table 11 Pitting Resistance Equivalents (PRE) of Alloys * *

ýSurface PRE PRE
Allcy uCcndition (surf ace) (bulk)

jAlloy 625 Pickled 48.8 '48.8
_Ground 56.4 48.8 0

Alloy C276 CR Annealed 62.2 63.3
Ground 63.8 63.3

Alloy C22 CR Annealedr 68.9 63.4
Ground 64.3 163.1

Table 12 Maximum Calculated Propagation rates under various conditions

Crevice Current Approximate
Alloy solution pH Temperature Density Corrosion

(pA/cm2) Rate (mm/y)

iA~oy 625 -0.94 15* 2.0 .02
_-1.21 30. 277 2.77

lloy C276 1-0.94 15" 1.2 .01J-1.21 30' 15.5 .-16
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